Across large clades, two problems are generally encountered in the estimation of species-level phylogenies: (a) the number of taxa involved is generally so high that computation-intensive approaches cannot readily be utilized and (b) even for clades that have received intense study (e.g., mammals), attention has been centered on relatively few selected species, and most taxa must therefore be positioned on the basis of very limited genetic data. Here, we describe a new heuristic-hierarchical Bayesian approach and use it to construct a species-level phylogeny for all extant and late Quaternary extinct mammals. In this approach, species with large quantities of genetic data are placed nearly freely in the mammalian phylogeny according to these data, whereas the placement of species with lower quantities of data is performed with steadily stricter restrictions for decreasing data quantities. The advantages of the proposed method include (a) an improved ability to incorporate phylogenetic uncertainty in downstream analyses based on the resulting phylogeny, (b) a reduced potential for long-branch attraction or other types of errors that place low-data taxa far from their true position, while maintaining minimal restrictions for better-studied taxa, and (c) likely improved placement of low-data taxa due to the use of closer outgroups.
Introduction
Many macroevolutionary, biogeographical, and ecological studies require phylogenetic information (e.g., Faurby et al., 2012; Kissling et al., 2012; Eiserhardt et al., 2013) . However, although a few analytical methods can incorporate missing species under certain restrictions when analyzing phylogenetic patterns (e.g., Fitzjohn et al., 2009) , most methods assume that all species are included in the phylogeny and often also assume that the phylogeny is without error. This constitutes a major drawback, as neither of these assumptions is generally justifiable.
These problems are well exemplified by the mammalian clade, which is the focus of this study, and for which a fairly recent, somewhat complete, and often-used species-level supertree is available (Bininda-Emonds et al., 2007 , hereafter the BE tree). However, a recent phylogenetic study of mammals (Meredith et al., 2011) noted that the BE tree is incorrect for many family-level nodes. Such errors are expected for nodes with limited data, but familylevel nodes have generally received more attention than lower-level nodes, and the latter are therefore likely to be even less reliable. Thus, for phylogenetic information to be meaningfully incorporated into evolutionary and ecological studies it is vital to construct trees using methods that (a) are better at resolving the topology, even with little genetic information, and (b) provide a meaningful way of incorporating the varying uncertainty associated with different nodes into the tree. Here, we describe a heuristic-hierarchical Bayesian approach that satisfies both requirements.
Nearly all tests based on a phylogeny are really testing the probability of a given hypothesis assuming a given tree (i.e., P(A |Most likely Tree), where P(A) is the probability of any hypothesis of interest). This probability is assumed to be identical to the probability given the true phylogeny (i.e., P(A |True phylogeny)). However, the probability that the most likely tree is identical to the true phylogeny is exceedingly small (even 100 bifurcating branches with a posterior probability of 0.9 gives 0.9 100 = 2.7 Â 1 0 À5 for the topology to be identical, assuming that each node is considered to be independent). Hence, it is an extreme stretch to assume the two phylogenies to be identical or even strongly related, and the incorporation of phylogenetic uncertainty is therefore vital for such P-values to have any real meaning. This uncertainty can be incorporated by analyzing a large number of trees from the posterior distribution through a Bayesian analysis instead of the single highest probability tree (e.g., Huelsenbeck et al., 2000; Faurby et al., 2012) . This approach will likely provide superior unbiased estimates of P(A) for any measure where P(A| Most likely Tree) is an unbiased estimate of P(A|True phylogeny) but may increase biases if such biases are already present when the most likely tree is used because this tree will be closer to the true phylogeny than an average tree from the posterior distribution (see for instance Symonds, 2002 for a discussion of potential effects of phylogenetic errors).
Another problem is that Bayesian analyses require convergence to the global optimum. Such convergence may not be possible to obtain for trees with thousands of taxa, but our approach uses a heuristic-hierarchical breakdown with phylogenetic analyses of subsets of clades with fewer species, which greatly improves the probability of reaching the global optimum. . An illustration of the merging of phylogenies. In this figure source illustrates the merging of two trees from posterior distributions from two levels (1 and 3) while incorporating taxonomy (level 2). The color codes indicate different species. In tree 1, there is no conflict, while tree 2 shows conflict. The green species is sister to the blue species and can readily be added, but the purple species is sister to the clade of the red, green and blue species, which is not monophyletic in level 1. Because the magenta species is not included in level 1, its placement is restricted based on level 2, and it therefore has to be sister to a clade of one or more of species indicated in red, blue and green. The clade of the blue and green species has two times as many species as the clade comprised on the red species and placement as sister to the blue and green species is therefore twice as likely. Fig. 1b . An illustration of the merging of phylogenies. In this figure source shows a resolved higher-level tree and a lower level polytomy where the species sampled in the higher-level phylogeny is indicated in red, and the unsampled species is indicated in blue. Only some of the potential trees are shown. Fig. 1c . An illustration of the merging of phylogenies. In this figure source shows a resolved higher-level tree and a lower-level polytomy where the species sampled in the higher-level phylogeny are indicated in red and the unsampled species are indicated in blue. Only three of the potential outcomes when the two unsampled trees are added are shown. Note that in this example, the clade that is a polytomy in the lower-level clade is not monophyletic in the higher-level tree, and the black species represents a species nested in the clade in the higher-level tree. Because at least half of the species in the polytomy are missing genetic data (the ones indicated in blue), we collapse any clade for which at least half of the species lack genetic data. Each of the top and middle examples contains a clade with more than three species of which at least half do not have any genetic data. The lower example contains a clade with three species of which only one has genetic data. This is collapsed and then randomly resolved. Fig. 1d . An illustration of the merging of phylogenies. In this figure source shows a resolved higher-level tree and a lower level polytomy where the species sampled in the higher-level phylogeny is indicated in red, and the unsampled species is indicated in blue. Because the polytomy is for at least 10 species, only two of which have genetic information, half of the species are placed as sisters to each of the sampled species. Because the combined tree 2 contains a clade where at least half of the species lack genetic information, this clade is collapsed.
Our heuristic-hierarchical approach increases topological precision by using morphological or taxonomic information to constrain the placement of species for which little or no genetic data exist. Genetic data do not exist in a vacuum because taxonomic research can be used to guide the placement of species with limited genetic data. Morphologically based phylogenies are often incorrect, and groupings such as Insectivora have been effectively dismantled by genetic studies (e.g., Meredith et al., 2011) , but highly untrustworthy groupings can also arise from limited genetic data (e.g., the ''Guinea pig is not a rodent'' discussion of the 1990s; D 'Erchia et al., 1996) . As a trade-off, we suggest the use of taxonomy as a partial topological constraint so that species with limited genetic information are forced to be placed near species in the same taxonomic groupings, while species with more genetic information can be placed more freely. We thereby avoid placing species outside their taxonomically recognized clades, except where this is well supported by substantial genetic data.
We handle the various taxonomy-based constraints by creating phylogenies both across taxonomic groupings for the species with most genetic data and within taxonomic groupings for species with less data. Then, we merge trees from the posterior distributions of each phylogenetic analysis one by one, while in all cases trusting the topology of the least constrained higher-level phylogeny in cases where a difference exists (Fig. 1a , see details in Section 2.1, ''The heuristic-hierarchical Bayesian approach'').
The most important benefit by this approach is that it enables us to use a closely related outgroup for species with little genetic data because such outgroups generally increase topological precision (Rosenfeld et al., 2012) . Another benefit is that it may also help mitigate some of the problems of data quality that arise from using GenBank data. An unknown but likely fairly large fraction of the specimens in GenBank represent misidentifications, contaminations, pseudogenes or chimeras between different sequences (Ashelford et al., 2005) . Such errors are sometimes readily identifiable, but pseudogene sequences at almost any distance from the sequences of the desired genes are known (Bertheau et al., 2011) . A larger fraction of the sequences for species with just a single marker in GenBank may represent unpublished studies or studies conducted by a non-taxonomist, which may contain a larger proportion of identification errors. We enforce all species that have genetic data for only a single marker as having a congeneric sister and generally use them only for within-genus phylogenies (see the description of the model), thereby greatly reducing the potential errors that result from incorporating such sequences.
The added benefits of topological precision come at the cost of reducing branch length precision. It is fairly easy to combine the topology of two or more trees if one of them is always preferred in cases of disagreement, but branch length information cannot be retained in such cases of disagreement. Imagine a simple example: In the phylogeny of three genera, A, B and C, 70% of the trees are given as ((A1:2, B1:2):2, C1:4) and 30% of the trees as ((A1:1, C1:1):3, B1:4), and the phylogeny of genus A rooted with and dated by the split between A and B is (((A1:0.5, A2:0.5):0.1, A3:1.5):0.5, B1:2). The combined topology would exhibit 70% of the trees as ((((A1, A2),A3), B1), C1) and 30% of the trees as ((((A1, A2),A3), C1), B1). The branch lengths for 70% of the trees are ((((A1:0.5, A2:0.5):0.1, A3:1.5):0.5, B1:2):2, C1:4), but the branch lengths of the genus and family tree cannot be combined in the remaining 30% of the trees. The genus-level phylogeny suggests that the genetic distance between A1 and A3 is 0.75 times the distance between A1 and B1, which would be 3, but the distance between A1 and C1 is only 2, and genus A is assumed to be monophyletic. The branch lengths are therefore unidentifiable in this case. In this particular example, the problem could be addressed by choosing a more distant outgroup in the genus-level phylogeny of A, but that would generally decrease the topological precision.
Another problem is that branch lengths will depend on the number of species in a group when using a tree-prior such as a Yule or Birth-Death prior. Imagine a case with four species, A1, A2, A3 and A4, with available genetic data and one species, A5, without data. In such a scenario, the prior of the length of the branch separating the root node from A2:5 in the topology (A1, (A2, (A3, (A4, A5)))) would be different from the prior of the length of the branch separating the root node from A2:4 in the topology (A1, (A2, (A3, A4))), and the length of this branch would therefore be estimated to differ, even though exactly the same number of mutations would be inferred on the branch in the two scenarios. Because we do not include all species in all trees, our estimates of branch lengths will be biased in regions without all species included, with the pattern being most evident for groups with limited genetic data, where the priors have higher influence.
Because our approach means that branch lengths cannot be estimated in the analysis, we are forced to simulate branch lengths for any branch that is not dated in other studies. This leads to a reduction in branch length information, but as we will discuss in the next section, the magnitude of this reduction may be fairly small, as the amount of information on branch lengths in real datasets will often be limited for most nodes. Nevertheless, because the branch length information and topology cannot both be maximized, difficult choices are required regarding the weight that will be placed on each of these items. Our approach places the greatest weight on the topology, which means that analyses using the resulting phylogeny should focus on the topology rather than on branch lengths.
Materials and methods

The heuristic-hierarchical Bayesian approach
Our approach is based on a heuristic incorporation of additional species into a thereby successively growing phylogeny, where the addition of species into the phylogeny never changes the topology of the species already present in the phylogeny. Our approach starts with the species with the best quantity and quality of data available for their placement, assuming hierarchical trustworthiness of the available information, so that in any case where a placement conflict is observed, the results from the source perceived to be most trustworthy will be used. One built-in assumption of the method is that the more information is available for a given species, the looser the restrictions for the placement of the species will be. Even at the highest level, however, few restrictions are enforced, and taxa are therefore required to belong to overall groups, which has never been questioned. These groups are chosen so that their enforcement is guaranteed to not influence the topology but is used only to provide closer outgroups for the remaining nodes.
Next, several (up to four in our example) levels of separate Bayesian analyses are run, and in each case, 1000 random trees (sampled with replacement) from each posterior distribution are retained. At higher levels, species from a wide range of taxa (in our case, all placental mammals, or all marsupials) with large amounts of data are included. At lower levels, a higher frequency of species from increasingly smaller taxonomic groups (i.e., subclass then order then family then genus) are included, but with fewer markers included to make the dataset more complete, and the lowest level is generally based on only a single marker and includes only species from a single genus. The trees are merged so that each tree from a lower level is merged to one tree from a higher level, where the topology from the higher level is chosen in all cases with conflicts. In cases where only a single representative is present in the higher-level phylogeny, the branch leading to this single representative is simply replaced by the lower-level phylogeny.
When a taxon or clade (T1) is the sister to a group of taxa (T2) in the lower level but T2 is not monophyletic in the higher level, T1 is placed as the sister to one of the monophyletic components of T2 in the combined tree, with the likelihood of each placement being proportional to the number of species in each monophyletic group (Fig. 1a) . The main reason for doing this is based on the assumption of taxonomic monophyly whenever it is not in conflict with the higher-order phylogeny. This means that if in the higher-order phylogeny, the genus is in two separate clades, each of which is more closely related to other genera, the merged phylogeny should also have only two such clades. If we instead place T1 as the sister to the most recent common ancestor of T2 and the two species of T2 belong to the two separate clades, there could suddenly be three such clades. Our choice of placement is also related to a belief that the species selected for phylogenetic studies are generally selected to represent the most genetically divergent species in a genus or a phylogeny (further discussed later).
Subsequently, the species without genetic data are added based on morphological trees or taxonomy. Fully resolved parts of these trees are handled in exactly the same way as genetic trees, but polytomies are addressed separately. When genetic data are available for more than half of the taxa in the polytomy, the missing species are placed in random order as sisters to either species with genetic data or already placed species (Fig. 1b) . The same procedure is followed when more than half of the species lack genetic data, but in this case, an additional step is added, in which any clade with more than two species where more than half of the species do not have any genetic data is collapsed, and any resulting trichotomies are randomly resolved (Fig. 1c) . The collapse and resolution of trichotomies ensures that all topologies for the three species are equally likely. For technical reasons, we chose to address polytomies including at least twelve species where less than half have genetic data in a different way. In such cases, we assumed the same number of missing species to be assigned as sisters to each species with genetic data. Again, any clade in which 50% or more of the species lack genetic data is collapsed (Fig. 1d) . We note that this alternative approach was generally used only for large genera without any resolution, and in any case where the genus was monophyletic, it was collapsed into a large polytomy, just as it would have been if the same method was used for polytomies of all sizes.
The missing species are placed as sisters to sampled species rather than at random locations in the clade (i.e., allowing both apical and more basal locations) because taxonomists generally include species to maximize genetic variation. Therefore, incomplete phylogenies are generally less symmetrical than complete ones (Mooers, 1995) , and most missing species are, thus, close relatives of sampled species. Hence, by restricting the placement of these species such that they will be sisters to sampled trees, our method will produce complete trees that are more symmetrical than the incomplete trees and will thereby counteract the bias in species selections during phylogenies illustrated by Mooers (1995) . We note that this strategy will not by itself guarantee that the apical placement is correct, but similarity in any summary statistic (such as tree symmetry) generally makes similarity of the underlying data more likely. In some situations, an alternative solution could have been to place the species without genetic data in a basal polytomy in the genus (or unsampled genera in a basal polytomy in the family), but that would work only if (a) there is more than one unsampled species (because it would otherwise appear to be a totally basal placement) and (b) there is no additional resolution in the genus or family. This latter problem is, for instance, illustrated by the relationship of the six species of Old World monkeys in the Cercopithecus cephus species group.
These species are placed in a six-way polytomy by BinindaEmonds et al. (2007) , and we have genetic data for only four of the species. Our approach produces a well-defined placement of the two missing species (Cercopithecus erythrotis and Cercopithecus sclateri), each as a sister to one of the sampled species (or combined as sisters to one of the sampled species), with the only enforcement of the other four species (Cercopithecus ascanius, Cercopithecus cephus, Cercopithecus erythrogaster, Cercopithecus petaurista) being the trivial assumption that they belong to a monophyletic family of Old World monkeys, whereas their placement in a polytomy would require the enforcement of either genus-or species-group monophyly depending on how large one would wish to make the polytomy.
Most phylogenetic studies will include all species for which data are available, but the effort that is put into retrieving data for the remaining species will depend heavily on their perceived importance because much more effort is likely to be put into retrieving an enigmatic potentially basal taxon than one that is thought to be related to already sequenced species. This situation is illustrated by the fact that several recent papers have used the inclusion of such enigmatic species as a major selling point for the importance of their studies (Jansa et al., 2009; Sato et al., 2012) . The lack of genetic data can therefore be interpreted as weak evidence that experts on the group believe that the phylogenetic placement of a given species without genetic data is likely to be apical rather than basal. We acknowledge that we only have anecdotal evidence justifying the apical placement of these missing species, but we note that the alternative of making all placements equally likely exhibits exactly the same problems of missing evidence.
We chose to collapse polytomies in which half or more of the species are missing genetic data because the importance of the data in determining the shape of the constructed trees diminishes as more species without genetic data are added. However, we note that the decrease in data content during the determination of tree shape is a continuous phenomenon and that thresholds other than our chosen 50% threshold could have been used as well.
Finally, after the topology is complete, branch lengths are estimated. The divergence dates between higher taxonomic groups and the lengths of the branches separating them are manually incorporated from other sources, while the remaining branch lengths are simulated based on the age of the clade and its assumed evolution according to Yule or BD models (Yule, 1924; Raup, 1985) . The appropriate relative extinction rate for each family is found by running the MEDUSA algorithm (Alfaro et al., 2009) on the overall family tree (setting the model parameter to ''mixed'' and thereby allowing partitions with either a BD or a Yule model) and recovering the estimated extinction rate for each family from this analysis.
Although this strategy means that there will be a reduction in branch length information, this reduction is likely to be fairly small. This can be observed most readily if we look only at the external branches and make a comparison between a hypothetical true phylogeny, branch lengths estimated with our method and branch lengths estimated using a Yule prior, which is frequently employed for both MrBayes and BEAST analyses (Ronquist and Huelsenbeck, 2003; Drummond and Rambaut, 2007) . More than 41% of all external branches are estimated without any genetic data (Appendix B) and will therefore necessarily have simulated branch lengths. Approximately 0.6% of the branches are dated from other sources (Table A .1) and their precision will not be affected. Approximately 22% of all external branches are estimated with only a single marker, and their ages are therefore heavily influenced by the priors. With Yule or BD priors, the branch lengths of all (external) branches are heavily dependent on the topology, and if our approach leads to a sufficient increase in topological precision (and the Yule or BD models are an adequate description of the evolution of the group), our simulated branch lengths may actually be closer to the true lengths than branch lengths inferred using Yule or BD priors for some of these species. Any real loss in branch-length precision is therefore restricted to the 36% of the external branches that are analyzed using several markers and are not dated from other sources.
The precision of these procedures could potentially be increased through a two-step heuristic-hierarchical approach where familylevel monophyly is enforced and the divergence time between the family and an outgroup is used to date the root of the family tree, similar to the approach employed for the species-level tree for all birds (Jetz et al., 2012) , but it is unknown how large the increase in precision would be. It has repeatedly been shown that precise estimation of branch lengths requires multiple dating times at various ages in the phylogeny (e.g., Lukoschek et al., 2011; Meredith et al., 2011) , and several additional dating sites in each family would therefore be required to obtain precise branch length information. However, even for the families where sufficient fossil dating points are available, this will reduce the ability to incorporate phylogenetic uncertainty because the constraint of a large number of nodes greatly restricts the part of the tree parameter space that is investigated (for instance, if 10 nodes with a mean posterior probability of 0.90 are constrained, any test of P(A) is actually P(A|B) with P(B) = 0.90 10 -0.34), and reliably incorporating phylogenetic uncertainty therefore quickly becomes problematic.
Simulations
To test the performance of our method, we generated a large number of sequences based on Rosenfeld et al. (2012) modification of the yeast sequences from the study by Rokas et al. (2003) , which is a dataset for which the topology is known to be difficult to infer and for which it has previously been shown that the application of distant outgroups decreases phylogenetic precision (Rosenfeld et al., 2012) . However, the topology for the species in question does converge to a single tree as more data are added, which is identical to the tree constructed for the full genomes, and we will assume that this single tree is the true phylogeny. We considered the subtree (((((Saccharomyces cerevisae, Saccharomyces paradoxus), Saccharomyces mikatae), Saccharomyces kudriavzevii), Candida glabrata), Candida albicans) and simulated a scenario where three or five markers were sequenced for the two Candida species, Saccharomyces cerevisae and one of the other Saccharomyces species, whereas only one marker was sequenced for the remaining two Saccharomyces species.
Our analysis focused on the probability of generating the true phylogeny for the six-species dataset with three or five markers (two of the species had only one marker), with Saccharomyces constrained to be monophyletic, and compared it with the probability of obtaining the true topology of the four Saccharomyces species rooted with Candida glabrata using only a single marker. This analysis therefore compares the potential gain obtained from using a closer outgroup for the species with smaller amounts of data (in this case, two species of Saccharomyces) with the potential gain in information about the branch lengths for the species with more than one marker.
We generated 100 datasets for each of multiple scenarios. The first contained the four Saccharomyces species rooted with Candida glabrata with all species only sequenced for a single marker. The remaining contained the four species of Saccharomyces (Saccharomyces paradoxus, Saccharomyces mikatae and Saccharomyces kudriavzevii), Candida glabrata and Candida albicans, with the two Candida and two of the four Saccharomyces species (all six combinations were tried in separate scenarios) sequenced for either three or five markers and the last two species of Saccharomyces sequenced for a single marker. For all analyses, we randomly selected 700 base pairs from randomly selected markers (of at least this length). All phylogenetic analyses were performed using the same settings as in our case study on the phylogeny of mammals, which we discuss in the ''Genetic Analyses'' section. These simulations therefore test the likely most controversial element in our analysis, which is the separation of the genus from the family-level phylogenies for species with limited data. Our analysis includes analyses performed on three separate levels, but the first separation, of inter-family versus intra-family, is much more widespread and is, for instance, very similar to the approach used in a recent species-level phylogeny of all birds (Jetz et al., 2012) .
We analyzed the trees through generalized linear modeling (GLM) analyses (Table 1) . In this analysis, we compared the precision (the probability of the true topology in the posterior distribution) of the 1-marker scenario (which mimics our heuristic-hierarchical approach) with each of the six alternatives individually as well as with the scenarios grouped together by the number of markers. The comparison showed that the precision is extremely low when using three or five markers under one scenario (when Saccharomyces cerevisae and Saccharomyces mikatae have several markers) and that the precision may be slightly, albeit non-significantly, higher under the other two scenarios (when Saccharomyces cerevisae and Saccharomyces kudriavzevii have several markers). When the analyses were grouped by marker, the one-marker scenario outperformed both the three-and the five-marker scenarios, but the differences between three and five markers were very small. We cannot be sure of the underlying reason for the poor performance of some scenarios caused by an apparent tendency of MrBayes to separate the species with large amounts of data as much as possible in our simulation scenarios. Irrespective of the reason that MrBayes had problems generating the true topology, we can state that our method led to a clear improvement in precision under our simulation conditions (i.e., that the gain achieved by using a closer outgroup was much more important than the loss from not using the information for all available markers for some of the species).
2.3. Using the heuristic-hierarchical Bayesian method to construct a phylogeny of mammals 2.3.1. Overall considerations for using the method on mammals
Here, we will use this method to construct the first ever specieslevel phylogeny for mammals that includes not only all extant species but also all known extinct Holocene and Late Pleistocene species and includes not only a single most likely tree but an estimate of the full tree space. The causes of the Late Pleistocene mammalian extinctions are still not fully understood, but it is becoming increasingly clear that many of the extinctions were at least partially the consequence of human activities (Barnosky et al., 2004; Sandom et al., 2014) , and the human causation is even clearer for most Holocene extinctions (Turvey, 2009) . We believe that any study interested in natural processes should therefore include all human-caused extinctions if the goal is to understand basic evolutionary patterns. Thus, we believe that the incorporation of such species into our phylogeny will improve the reliability of any downstream analyses using this phylogeny. A few of the Late Pleistocene extinctions may prove to be independent of humans, but the inclusion of all species with confirmed Late Pleistocene records would nevertheless provide a scenario closer to the natural conditions than including only extant or recently extinct species, as is often done (see also Dalerum et al., 2009 for a similar argument for incorporating Pleistocene species).
We attempted to include all extinct species with dated records from the Late Pleistocene (defined as the last 130,000 years) in the analysis. We have not included any suggested chronospecies (other than the final form), such as the many named forms of Bison, because our goal is to estimate potentially temporarily co-occurring species. For extant and recently extinct species, we generally followed the IUCN taxonomy (Schipper et al., 2008) , although we removed six highly dubious species. We performed a complete literature review for earlier extinctions not covered by the IUCN. For island species and smaller continental species, we generally followed Turvey and Fritz (2011) , although with several exceptions. For large continental species we followed (Sandom et al., 2014) . A full list of all deviations from the IUCN taxonomy and species list can be found in Appendix B.
Our phylogenetic estimate was based on the following hierarchy (a few exceptions will be mentioned later). (1) Infraclass and subclass assignment (monotremes (marsupials, eutherians)); (2) a recent 35 kbp study of nearly all mammalian families (Meredith et al., 2011) ; (3) monophyly of all families as defined by the IUCN (Schipper et al., 2008) ; (4) monophyly of rodents, to place the two murid rodent families (Calomyscidae and Platacanthomyidae) that were not included in the report of Meredith et al. (2011) ; (5) molecular phylogenies at the family level using species with more than one independent marker; (6) detailed family-level morphological phylogenies; (7) genus monophyly following the taxonomy of the IUCN (Schipper et al., 2008) ; (8) genus-level phylogenies based on a single marker; and (9) relationships between species following the most recent supertree of all mammals (Bininda-Emonds et al., 2007) . The workflow is illustrated in Fig. 2 .
For level five (the family level), we included all taxa with more than one independent marker. If no species in the genus had information for more than one marker, we included species with information for just a single marker, but in these cases, we constrained the genera in question to be monophyletic.
Family monophyly and family assignment in the New World monkeys are unsettled, although the monophyly of the New World monkey superfamily is settled beyond doubt (Perelman et al., 2011) . We therefore treated this superfamily as a ''family'' throughout this paper. The family-level assignment of some taxa to Muridae or Cricetidae, particularly the maned rat Lophiomys imhausi, is also problematic. We considered this species to belong to Muridae based on Jansa and Weksler (2004) , differing from the IUCN, classifies it within Cricetidae (Schipper et al., 2008) . Ideally, the same approach applied for the New World monkeys could be used to analyze Muridae and Cricetidae simultaneously. However, the very large number of species in these two families makes it computationally unfeasible to employ this approach for these two families, and we therefore reluctantly chose to enforce family monophyly for them instead.
The recently extinct Thylacinidae and Chaeropodidae were placed through analysis at the order level, instead of the family level for Dasyuromorphia and Peramelemorphia, while enforcing family monophyly. No study has suggested non-monophyly of either order or family, which therefore follows our stated idea of using taxonomy as a partial topological constraint, so that taxa with limited genetic information are forced to be placed near species in the same taxonomic grouping, while species with more genetic information can be placed more freely. Lepilemuridae was placed as sister to Cheirogaleidae following Perelman et al. (2011) .
After addressing the genetic data, we merged the data with taxonomic and morphological data and with the earlier supertree of Bininda-Emonds et al. (2007) . This included placement of the 19 extinct families, which were placed based on phylogenetic or taxonomic information (Appendix B). For these extinct groups, the taxonomic restrictions of the hierarchy were relaxed, and paraphyletic families or genera were accepted because non-monophyletic groups have not always led to taxonomic changes in paleontology (e.g., in Cingulata, both Glyptodontidae and Pampatheriidae appear to be nested within Dasypodidae; Porpino et al., 2009) .
For a few Late Pleistocene or Holocene extinctions, where only a few hundred base pairs of ancient DNA are available and where the genetic data are congruent with morphological hypotheses of relationships (e.g., saber-toothed cats following Barnett et al., 2005) , we chose to place the groups with certainty rather than performing phylogenetic analyses, which would incorporate uncertainty. We made this decision because ancient DNA is more prone to errors than contemporary DNA (Briggs et al., 2010) and a large proportion of apparent genetic uncertainty could therefore be caused by a lower quality of the ancient DNA.
After the topology was settled, as discussed above, we incorporated branch lengths into the phylogeny. Most nodes at the family level and occasionally the first branching within the families were manually incorporated from other sources (generally Meredith et al., 2011, see Table A .1). We assumed that the age of these nodes was known with certainty, which we acknowledge to be untrue, but they were generally fairly precise (the ages of most nodes from Table 1 Simulations of the effects of data quantities and outgroups on the obtained topology. The precision column lists the posterior probability of the true topology. All significance tests compare the difference between this scenario and the 1-marker scenario (which mimics our heuristic-hierarchical approach). Significance is calculated using Wald tests.
(a) Comparison between the seven scenarios (see the ''Simulations'' section for details). The standard deviation of the precision estimate is given in parentheses. The presented pvalue estimates the likelihood that the precision is identical to the precision for one Meredith et al., 2011 showed 95% confidence intervals shorter than 10% of their mean value), and the dependence of the ages of individual nodes means that the uncertainty of the ages of individual nodes cannot easily be implemented. A few interfamily nodes did not exhibit 100% posterior probability, in which case all potential trees were manually modified separately. All other nodes were estimated assuming that evolution followed the Yule or BD models.
Genetic analyses
We performed a total of 290 separate phylogenetic analyses (two infraclass phylogenies/hierarchical level 2, one additional family assignment/hierarchical level 3, 87 family-level phylogenies/hierarchical level 5 and 200 genus-level phylogenies/hierarchical level 7; Table A.2, Appendix C). We initially searched for phylogenetic studies within each taxon with a broad taxonomic coverage, and whenever possible, we attempted to restrict our analysis to sequences from a single or a few known sources as much as possible (Table A. 2), as we suspect misidentifications to be more frequent in Genbank sequences from unpublished studies or studies without a taxon-specific phylogenetic focus because they will rely on non-expert identifications more often. However, to maximize taxonomic coverage, most analyses were supplemented with Genbank sequences, and many analyses did contain sequences from many sources. We used Phylota 1.5 (Sanderson et al., 2008) to supplement taxonomic studies, or as a start-up, and added additional information from Genbank to include sequences released since the last update of Phylota, or sequences not included in Phylota, such as data from fully sequenced mitochondria. For each group, we performed individual assessments of which clusters to include, trading off including as much information as possible against using as few sources as possible. We generally chose not to include markers for which only a few species have been sampled because they will rarely be identified by experts and will therefore exhibit a higher change of being misidentified.
We generally restricted our analysis to include only a single mitochondrial marker to reduce the likelihood that the mitochondrial signal may overwrite a signal for multiple nuclear markers. We chose the marker with the widest coverage of the taxonomic group in question, and if several markers presented the same taxonomic coverage, we preferred the longest protein-coding gene over 16 s or 12 s. For two analyses (the lemur genera Eulemur and Avahi) where the widest taxonomic coverage was found for a large multiprotein region, we restricted the analysis to the first 1800 bp of the sequence excluding indels. This maximum of 1800 bp was chosen because it is slightly larger than the largest single markers (16 s), and it was therefore necessary to apply this restriction only in rare cases. This omission of data could seem odd, but this decision was made because there is often a poor overlap between gene and species trees as a consequence of incomplete lineage sorting and/or hybridization (see for instance Scally et al., 2012) . Regardless of how many mitochondrial markers are analyzed, they still come from a single gene tree and therefore potentially differ from the species tree, whereas there is not a similar problem for long nuclear markers because recombination means that the evolutionary history of different parts of the markers may be different. If many mitochondrial markers were to be included in the analysis, along with a few nuclear genes, the resulting tree would essentially be identical to the mitochondrial gene tree, whereas our treatment means that we downweight the mitochondrial gene tree. If only mitochondrial data are available, the inclusion of more markers would at least provide a better estimate of the gene tree, which would be advantageous if we were specifically interested in the most likely tree; however, our goal is to estimate the overall phylogeny including precision. Deviations between species and gene trees are most likely for short branches (Hein et al., 2005) , and these cases also normally exhibit the lowest support values. By restricting our analysis to a single marker, the trees from the posterior distribution of our analysis may, thus, provide a better estimate of the phylogenetic uncertainty, even though we decrease the likelihood of obtaining the true gene tree by decreasing the support of the most dubious clades.
We allowed small amounts of non-overlap where not all taxa were sampled for the same markers. If we assumed a constant rel- ative substitution rate between markers throughout the phylogeny, non-overlapping species could be placed with some certainty because ((A1:1, A2:1):3, A4:4) and (A1:2, A3:2):2, A4:4) can logically be merged to (((A1:1, A2:1):1, A3:2):2, A4:4). However, we consider the assumption of a constant relative substitution rate to be unlikely and therefore acknowledge that such non-overlap is likely to be problematic for real-world datasets. Nevertheless, we believe this assumption to be the least problematic solution to a suboptimal situation as long as the non-overlap is small. In some cases where such small non-overlap was present, our analyses included a couple of mitochondrial markers because we judged increased species coverage to be more important than restricting our analyses to a single mitochondrial marker. All analyses were rooted with the closest available outgroup. Generally, a few outgroups were included whenever possible, but phylogenetic relatedness was prioritized more highly than including several outgroups, and many analyses therefore included only a single outgroup.
For all markers, we aligned the sequences using ClustalW (Larkin et al., 2007) , after which we removed all sites that were not present in at least 50% of the species with data on that particular marker, and we checked all alignments manually and occasionally made minor modifications by hand. Species that were not sampled for a particular marker were coded as missing data. The best model for each partition was estimated using jModeltest (Posada, 2008) , and the phylogeny of each taxon was estimated with MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) , using different partitions for each marker, with the parameter shape, pinvar, statefreq, revmat and tratio unlinked between partitions, but otherwise employing the standard parameters. The analyses were generally run until the standard deviation of the split frequencies of all partitions with a frequency higher than 0.05 was less than 0.010, although the analyses were stopped at 10 or 20 million generations if the split frequencies were below 0.030 at either of these points. All analyses were performed with two runs and four chains, except for the Eutherian tree, which was analyzed with only a single cold chain for computational reasons but was run until the standard deviation of the split frequencies of all partitions with a frequency higher than 0.05 was less than 0.010.
Except when otherwise mentioned, all analyses were performed in R 2.13.1, 2.14.1 or 2.15.1 (R Development Core Team, 2011) using functions from APE, Biostrings, caper, Geiger, phangorn, phylobase, phyloch and seqinr (Pages et al., 2003; Paradis et al., 2004; Charif and Lobry, 2007; Harmon et al., 2009; Heibl, 2008; R Hackathon, 2011; Schliep, 2011; Orme et al., 2012) . New codes were written to merge phylogenies and to simulate branch lengths (Appendix D).
Results and discussion
The produced phylogeny
The overall phylogeny is very similar to the phylogeny produced by Meredith et al. (2011) , and the most likely topology was identical to their nucleotide and/or amino acid topology for all clades. Because our raw data were the same, our results cannot be viewed as independent evidence, but the similarity of the results demonstrates at least moderate robustness of the results of methodology, and our analysis therefore strengthens their conclusions.
Almost all the genetically placed family-level nodes were recovered with 100% posterior support (here and throughout the paper, all mentions of posterior support refer to the post burn-in value). The only four exceptions were the exact placement of Calomyscidae within Muroidea (posterior support = 0.929 for (((Cricetidae, Muridae), Nesomyidae), Calomyscidae), posterior support = 0.071 for ((Cricetidae, Muridae), (Calomyscidae, Nesomyidae))); the placement of hyraxes within Afrotheria (posterior support = 0.670 for (Procavidae, Proboscidea), Sirenia), posterior support = 0.330 for ((Proboscidea, Sirenia), Procavidae)); the internal relationship between the four Australian marsupial orders (posterior support = 0.994 for (((Dasyuromorphia, Peramelemorphia), Notoryctemorphia), Diprotodontia), posterior support = 0.006 for (((Dasyuromorphia, Diprotodontia), Notoryctemorphia), Peramelemorphia)); and the topology between three overall clades within Yangochiroptera (superfamily assignment follows Meredith et al., 2011) , (posterior support = 0.550 for ((Emballonuroidea, Noctilionoidea), Vespertilionoidea + Myzopodidae), posterior support = 0.411 for ((Emballonuroidea, Vespertiliono idea + Myzopo didae), Noctilionoidea), posterior support = 0.039 for ((Noctilionoidea, Vespertilionoidea + Myzopodidae), Emballonuroidea)).
The way in which we handled missing species means that the results for the 1000 generated trees cannot meaningfully be combined into a single tree, but for illustration purposes, a single representative tree is shown on Fig. 3 . All 1000 trees are available in Appendix D (the results will be updated on an irregular basis based on new published data, and the newest version can be downloaded from our homepage at all times (http://bios.au.dk/om-instituttet/ organisation/oekoinformatik-biodiversitet/data/)). Individual researchers can therefore quickly download the data and identify likely sisterhood relationships within any specific group of interest. The figure shows that while species with different amounts of genetic information are spread throughout the phylogeny, some parts of the tree contain a larger proportion of species without genetic data (Fig. 3c) or a larger proportion of extinct species not covered by the IUCN (Fig. 3d) . Hence, restricting the species considered to extant and historically extinct species or, even further, to extant species with genetic data would mean that the resulting analysis would be performed on a biased subset of the species and would therefore likely be biased itself. To illustrate topological uncertainty, we have plotted the topology of all 1000 trees of four selected clades: two smaller clades (non-saber-toothed (modern) cats (Felidae excluding Machairodontinae), with 40 species; and weasels and relatives (Mustelidae) with 59 species) and two larger clades (carnivores (Carnivora), with 304 species; and shrews (Soricidae), with 378 species) (Fig. 4) . The examples illustrate two ends of a continuum, and most clades will be intermediate between these examples. The first three examples show clades with a well-known topology, whereas the last clade is one of the least-studied and therefore most uncertain clades, where only a few branches are well supported.
Some end users of the phylogeny may disagree with the way in which we handle species with uncertain placement or with our handling of polytomies, as described in Figs. 1b-1d . We have therefore added a third tree of 4125 species, which is the largest possible tree of species with genetic data plus other species with unambiguous placement in the tree, initially constructed based on the species with genetic data. Any bifurcating clade in morphological trees, taxonomically based trees or the BE tree where only one species has genetic data would have such an unambiguous placement and we therefore replaced the single species with the entire bifurcating clade for such clades. In addition, we added any species or clades that were sisters to multiple species with genetic data in the morphological trees, taxonomically based trees or the BE tree when the posterior support for the monophyly of the potential sister clades was equal to 1. While doing this, we removed species from polytomies to generate the largest possible strictly bifurcating tree.
Comparisons of the branch lengths with previous analyses
To estimate the precision of our inferred branch lengths, we compared the median age of the MRCA (most recent common Fig. 3 . A representative tree from the posterior distribution. In the upper left corner, species with genetic data from more than one independent marker are highlighted in light blue. In the upper right corner, species with genetic data from a single marker are indicated in orange. In the lower left corner, species accepted by the IUCN without genetic data are indicated in light green. In the lower right corner, prehistoric extinct species not covered by the IUCN and without genetic data are indicated in purple. In all cases, the internal branches as well as the remainder of the species are colored in black. (Fig. 3a) ; (b) Mustelidae (weasels and relatives): 59 species; (c) Carnivora (carnivores): 304 species; and (d) Soricidae (shrews): 378 species. The branch lengths were standardized for illustrative purposes, so that trees with similar topologies exhibit the most similar branch lengths but do not represent our estimated branch lengths. The width of the branches showing different topologies represents the relative probability of each possible topology.
ancestor) of 34 clades within the family Felidae excluding Machairodontinae (non-saber-toothed cats, hereafter Felidae) and 34 clades within the family Mustelidae from our analysis with the results from recent phylogenies (Johnson et al., 2006; Sato et al., 2012) . The absolute ages of the clades were somewhat greater in our analysis (mean ratio of MRCA ages between the two analyses of 1.37, with a range of 0.15-2.76 for Felidae; mean of 0.82, with a range of 0.13-3.56 for Mustelidae). Only 13 of the median values for Felidae and 4 values for Mustelidae from our analysis were within the 95% confidence interval from the previous analysis, but 33 of the point-values for Felidae and 28 values for Mustelidae from the previous analyses were within the 95% HPD (highest posterior density) interval of our analysis. The 95% HPD interval in our analysis was substantially larger than the 95% confidence levels in the previous analysis (mean ratio of 2.09, range of 0.77-4.59 for Felidae, mean of 3.19, range of 0.87-20.13 for Mustelidae). The fact that the values from the previous analyses were outside the 95% HPD interval from our analysis for a total of five out of 66 comparisons indicates that our analysis provides a fair, albeit imprecise estimate of branching times within the families. However, there will be branches that are poorly estimated by our approach because our dating strategy assumes constant speciation and extinction rates. Hence, any clade experiencing large temporal variation in diversification rates will exhibit poorly estimated branch lengths. We analyzed our topology using the rooted Robinson-Foulds distance (Robinson and Foulds, 1981) (hereafter RF distance), which compares two trees by counting the number of clusters found in only one of the two trees and varies from 0 for identical trees to 2n-4 (where n is the number of tips) for trees with no clades in common. We calculated the RF distances between each of our 1000 individual trees and 1000 trees each based on three previous phylogenies: (a) the BE tree (using the modified version by Fritz et al., 2009) , (b) a recent supertree of all carnivores generated by Nyakatura and Bininda-Emonds (2012) , and (c) the carnivore subtree from the BE tree (Table 2) . We removed all species that were present in only one of the comparisons and subsequently resolved all polytomies in all the trees assuming a Yule model.
The comparisons consistently showed fairly high RF distances, many of which were approximately 50% of the maximum distances. The RF distances between trees constructed from the new carnivore supertree (Nyakatura and Bininda-Emonds, 2012) were low as a consequence of the small number of polytomies in this tree and were only approximately half of the RF distances from our trees constructed with the same species list, whereas the earlier BE tree presented substantially more polytomies and therefore much higher RF distances. The RF distances between our tree and the new carnivore supertree (Nyakatura and Bininda-Emonds, 2012) were substantially lower than the RF distances between our tree and the carnivore subtree from the BE tree. This observation suggests that the carnivore supertree and our tree would converge with increasing data, which would be expected because most phylogenetic methods produce consistent results (i.e., converge towards the true phylogeny with increasing data). However, the difference between the two trees was still fairly large, and because the underlying datasets are comparable, although not identical, methodological differences are likely a major reason for the relatively large RF distances. We do not know the true phylogeny and therefore cannot state with certainty which tree is closest to the true phylogeny, but we believe that our treatment may be more suitable because the errors caused by limited information have been reduced. For instance, Nyakatura and Bininda-Emonds (2012) found that their analysis produced Vulpes ferrilata and Dusicyon australis as sister species and noted this result as a clear artifact, whereas we forced Vulpes ferrilata to be placed within Vulpes because it was placed without genetic data and nearly everybody believes this placement to be correct (Clark et al., 2008; Nyakatura and Bininda-Emonds, 2012 ).
Model strengths and limitations
Our approach produced a new and most likely improved estimate of the mammalian phylogeny and one that includes all known Late Pleistocene extinct species for the first time, thus better representing natural phylogenetic patterns in mammals given the many anthropogenic and probable anthropogenic extinctions. This means that our tree enables direct tests of the effects on these extinctions on various evolutionary patterns for the first time, allowing the estimation of biases introduced by considering only extant species.
Our new method we used to produce the phylogeny is expected to produce more accurate topologies, as we demonstrated via simulations in Section 2.2. We have restricted ourselves to a few simple analyses of the phylogeny because a full exploration of which patterns change when using this phylogeny as opposed to the BE tree is beyond the scope of this study. We suggest that it could be worth rerunning some of the previous analyses based on earlier mammalian phylogenies to verify that their conclusions are robust.
Our overall heuristic-hierarchical approach clearly employs what has been called an ''inappropriate appeal to authority'' (Gatesy et al., 2002) , meaning that our tree contains groupings that are classically assumed to be monophyletic, even if the data suggest otherwise, and our tree may therefore be viewed as less philosophically appropriate than some recent treatments of smaller groups, such as the Nyakatura and Bininda-Emonds (2012) Carnivora supertree. However, we believe that our treatment may be more suitable in many cases because we reduce the errors caused by limited information, as observed for the already discussed placement of Vulpes ferrilata. It is clear that the existence and frequency of such artifacts may provide information on the overall precision of the tree, but we believe that for ''down-stream'' analyses, it is best to remove as many of these artifacts as possible. Table 2 Comparisons of Robinson-Foulds distances. The median and range of values are given for the Robinson-Foulds RF distances (RF distance) from sets of 1000 trees. The column RF distance Ours shows the RF distances between 1000 trees from our heuristic-hierarchical Bayesian phylogeny of all mammals for different groups of species. The column RF distance Old shows the RF distances between 1000 trees constructed by randomly resolving multifurcations in the trees we use for comparison. The column RF distance Ours/Old shows the RF distances between the 1000 trees from our heuristic-hierarchical Bayesian phylogeny and the 1000 trees constructed by randomly resolving multifurcations in the trees we use for comparison. The specific choices we made for the heuristic hierarchy in our example of mammal evolution may also be somewhat subjective. However, we are convinced that this strategy provides the best way to address the low quantities of data available for most mammalian species. The study conducted by Meredith et al. (2011) was very thorough and included nearly all extant families. These authors explicitly attempted to include all old lineages, and all families with more than one representative in their study showed 100% posterior probability for monophyly in our re-analysis of their data. If one or more of the remaining families appeared to be non-monophyletic in another phylogeny, it would therefore be more likely to indicate the existence of phylogenetic problems, such as long-branch attraction, or a technical problem, such as phylogenies constructed based on non-homologous sequences.
The assignment of species to a genus is more problematic than assignment to a family because it is clear that mammalian genera are not always monophyletic, and the assignment of species to individual genera is debatable at times. Our approach will, however, recover the polyphyly of a genus as long as each of the non-related species groups has representatives with genetic data for more than one marker. Any reasonably robustly resolved polyphyly will therefore be included in the analysis.
The morphological phylogenies were placed low in the hierarchy. This is not meant as a critique of the morphological phylogenies themselves. However, this decision was made because we wanted to estimate phylogenetic uncertainty as well as the most likely topology, which requires a clear probabilistic theory of evolution, and such theories are difficult to apply for morphological data, especially for ordered characters (Nyakatura and BinindaEmonds, 2012) .
Our choice of hierarchy has two peculiar results.
(1) Because the topological restriction is lower when more information is available and because there is generally a large overlap between species with an intensely studied taxonomy and species with large amounts of sequence data, our approach causes us to rely more on taxonomy in the groups where such reliance is most problematic; and (2) because we enforce genus monophyly when no or only one marker is available but impose no restriction when two or more markers are available, the apparent topological resolution is oddly shaped, showing minimum resolution for intermediate quantities of data. Both of these factors could potentially be mitigated by following taxonomy for only a set proportion of the trees while using non-genus (or non-family) sisters for the remainder. This would, however, require precise knowledge of the probability that genera or families are non-monophyletic, which is not available at the moment.
It should also be noted that while our approach ensures that phylogenetic uncertainty can be easily taken into account in downstream analyses, the posterior distribution of the trees represents only the uncertainty given our chosen model. Uncertainty driven by different analytical approaches providing complete support for different topologies, as observed for some of the most difficult intra-ordinal branches between approaches such as ours as opposed to maximum information parsimony or multispecies coalescence analysis (see Meredith et al., 2011; Song et al., 2012; O'Leary et al., 2013) , are therefore not incorporated.
Model applications
We believe that our heuristic-hierarchical Bayesian approach may prove to be a good method for constructing species-level phylogenies for large clades with a variable density of genetic information between species. In these circumstances, this strategy may provide a superior alternative to the often-applied supertree approaches, such as that of Baum (1992) , or the Bayesian version discussed by Ronquist et al. (2004) . The low precision of branch length information in our method is of course suboptimal, and for groups with denser sampling of species and markers, alternative methods, such as the one used by Jetz et al. (2012) , may be superior. For mammals however, it is striking that the groups that have received most attention, such as cats or bears (Johnson et al., 2006; Pages et al., 2008) , are also some of the groups that suffered the highest Late Pleistocene and Holocene extinction rates (see electronic Appendix B), while groups showing much lower extinction rates, such as shrews, have received much less attention. We therefore believe that it may take years before alternative approaches with higher weights on branch lengths may prove optimal for mammalian species-level phylogenies for most families.
The suggested approach can easily be extended to other taxonomic groups. Because the approach relies on taxonomic information, it will be useful mainly for clades with a fairly well-understood taxonomy, e.g., most vertebrate or vascular plant groups, whereas it would not be effective for less well-studied groups. This strategy would be especially useful for groups exhibiting substantial variation in phylogenetic information between species, as groups with similar information levels can be analyzed using other simpler methods that retain branch-level information, such as the method of Jetz et al. (2012) . An important advantage of our approach may lie in the placement of missing species because our method enables species to be placed near taxonomically close species without enforcing taxonomic monophyly for the species with genetic data, which would be very difficult under standard methods. Researchers attempting to construct species-level phylogenies of large groups ultimately need to decide if their main priority is to obtain as accurate a topology as possible, in which case we believe our approach to be the best choice, or as accurate branch lengths as possible, in which case other approaches, such as that of Jetz et al. (2012) , may be more effective.
